Karashima A, Katayama N, Nakao M. Enhancement of synchronization between hippocampal and amygdala theta waves associated with pontine wave density. J Neurophysiol 103: 2318 -2325, 2010. First published February 17, 2010 doi:10.1152/jn.00551.2009. Theta waves in the amygdala are known to be synchronized with theta waves in the hippocampus. Synchronization between amygdala and hippocampal theta waves is considered important for neuronal communication between these regions during the memory-retrieval process. These theta waves are also observed during rapid eye movement (REM) sleep. However, few studies have examined the mechanisms and functions of theta waves during REM sleep. This study examined correlations between the dynamics of hippocampal and amygdala theta waves and pontine (P) waves in the subcoeruleus region, which activates many brain areas including the hippocampus and amygdala, during REM sleep in rats. We confirmed that the frequency of hippocampal theta waves increased in association with P wave density, as shown in our previous study. The frequency of amygdala theta waves also increased with in associated with P wave density. In addition, we confirmed synchronization between hippocampal and amygdala theta waves during REM sleep in terms of the crosscorrelation function and found that this synchronization was enhanced in association with increased P wave density. We further studied theta wave synchronization associated with P wave density by lesioning the pontine subcoeruleus region. This lesion not only decreased hippocampal and amygdala theta frequency, but also degraded theta wave synchronization. These results indicate that P waves enhance synchronization between regional theta waves. Because hippocampal and amygdala theta waves and P waves are known to be involved in learning and memory processes, these results may help clarify these functions during REM sleep.
I N T R O D U C T I O N
Hippocampal theta waves are rhythmic field potentials recorded during particular behavioral activities and rapid eye movement (REM) sleep in cats and rats (Louie and Wilson 2001; Montgomery et al. 2008) . The pontine reticular formation (PRF) nuclei, which have ascending projections to the septum/hippocampus via the diencephalon, are involved in the generation of hippocampal theta waves (Bland and Oddie 1998) . During REM sleep, a group of PRF neurons begins to fire and/or increase their discharge rate coincident with the phasic field potential, which is called the ponto-geniculooccipital (PGO) wave in cats (Datta 1997; Koyama and Sakai 2000) . In rats, a PGO-like phasic potential called the pontine (P) wave can be recorded in the subcoeruleus region (Datta et al. 1998; Heister et al. 2007) , which has mutual connections with the other PRF (Datta et al. 1998 (Datta et al. , 1999 . Our previous studies on the relationships between PGO/P waves and theta waves during REM sleep have shown that an increase in the frequency of theta waves coincides with an increase in PGO wave density in cats and P wave density in rats (Karashima et al. 2004; ). In addition, instantaneous acceleration and amplification of hippocampal theta waves coincident with PGO/P waves was found in both species (Karashima et al. 2002 (Karashima et al. , 2005 . These findings suggest a close relationship between theta waves and pontine phasic activities during REM sleep. Possible physiological substrates underlying these phenomena are the direct projections and/or indirect projections via other PRF regions to the septum/hippocampus from the pontine subcoeruleus region (Bland and Oddie 1998; Datta et al. 1998 Datta et al. , 1999 . The possible functional significance of the interactions between P waves and theta waves has been discussed theoretically in the context of learning and memory processes (Walker and Stickgold 2004) . Furthermore, the expression of plasticity-related genes in the dorsal hippocampus during REM sleep after avoidance learning is increased/suppressed by stimulation/elimination of the P wave generator in the pontine subcoeruleus region (Datta et al. 2008) .
Theta waves appear not only in the hippocampus but also in the amygdala, which is involved in fear memory formation. The projection from the pontine subcoeruleus region also reaches the amygdala via the other PRF regions (Hallanger and Wainer 1988; Usunoff et al. 2006) , and activation of amygdala by glutamatergic agonists induces theta waves in the amygdala (Sinfield and Collins 2006) . The physiological significance of this input has been suggested in the context of learning and memory processes during REM sleep (Datta et al. 2008) . One of the intriguing features of theta waves in the amygdala during REM sleep is the synchronization with theta waves in the hippocampus (Hegde et al. 2008; Paré and Gaudreau 1996) . However, it is not known what functions may be underlain by such a cooperative relationship between regional theta waves. In addition, it is not clear how P wave activity modifies the dynamics of theta rhythms in the amygdala and the cooperation between regional theta waves.
In this study, we first confirmed that theta waves in the basolateral/lateral amygdala are synchronized with theta waves in the hippocampal CA1 region during REM sleep, as reported by Hegde et al. (2008) and Paré and Gaudreau (1996) . Next, we studied how P waves are temporally correlated with synchronized hippocampal and amygdala theta waves. Finally, we performed a lesion study of the P wave generator (i.e., the pontine subcoeruleus region) to identify a possible role for P wave activity in the synchronization between regional theta waves during REM sleep. The results of these studies show integrative mechanisms between regional theta waves and P waves, which may underlie the possible functions of REM sleep in learning and memory processes.
M E T H O D S

Surgical preparation and experimental procedures
All experimental procedures were performed in accordance with the Japanese Government Animal Protection and Management Law (no. 105) and were approved by the Institutional Animal Care and Use Committee of Tohoku University. All efforts were made to minimize animal suffering and to reduce the number of animals used.
Twelve Sprague-Dawley rats (RATS 1-12; body weight, 350 -500 g) were used in our experiments. Surgical operations were performed under sodium pentobarbital anesthesia (35 mg/kg, ip). Stainless steel screws (diameter, 1.4 mm) were fixed to the skull as reference (anterior, 4.0 mm from bregma; lateral, 0.0 mm from midline), and ground (posterior, 3.0 mm from intra-aural zero; lateral, 0.0 mm from midline) electrodes. For field potential recordings, stainless steel monopolar screws (diameter, 1.2 mm) were embedded in the bone above the frontal (anterior, 2.0 mm from bregma; lateral, 2.5 mm from midline) and occipital (posterior, 7.5 mm from bregma; lateral, 3.2 mm from midline) cortices unilaterally. For EMG recordings, two stainless steel wires (diameter, 0.1 mm) were implanted in the neck muscle. Bipolar electrodes for recording amygdala theta waves and P waves were made from steel wires (diam 0.1 mm). Two wires were insulated except for the cut tip and glued together. The distance between the tips of electrodes was approximately 1.0 mm. Tungsten steel bipolar electrodes were unilaterally implanted in the pons (posterior, 0.4 mm from intra-aural zero; lateral, 1.0 mm from midline; depth, 8.0 mm from skull) for recording P waves, using the atlas of Paxinos and Watson (1998) as a guide. Stainless steel bipolar electrodes (diameter, 0.1 mm) were inserted bilaterally in the amygdala (posterior, 2.8 mm from bregma; lateral, 5.2 mm from midline; depth, 8.0 mm from skull) to record field potentials. Stainless steel monopolar electrodes (diameter, 0.1 mm) were bilaterally implanted in the hippocampus (posterior, 2.0 mm from bregma; lateral, 2.5 mm from midline; depth, 2.0 mm from skull) to record hippocampal theta waves. These electrodes were inserted with a motor microdrive manipulator (EMM-3SX, Narishige, Tokyo, Japan).
Rats were placed in a plastic rectangular cage [300 (W) ϫ 350 (D) ϫ 400 (H) mm] in a sound-attenuated and electronically shielded room with a 12:12-h light-dark cycle (light, 1000 -2200 hours). Food and water were provided ad libitum. Recordings were started 7-14 days after surgery and were performed for 48 h beginning at 1000 hours. The field potentials and the neck EMG were amplified and filtered with band-pass frequency ranges of 0.5-100 and 1.5-100 Hz, respectively. These data were digitized at a sampling rate of 512 Hz.
After field potential recording for 2 days, electrical lesions (0.04 -0.08 mA, 240 s) of the pontine subcoeruleus region were made using P wave recording electrodes in seven rats under ether anesthesia . A complete lesion of the P wave generator was confirmed by observation of REM sleep without P waves. Recordings were started Ն12 h after the lesions were made.
At the end of the experiment, each animal was killed with an overdose of sodium pentobarbital (100 mg/kg, ip), and an anodal current of 0.04 mA was passed through the electrodes for 240 s to mark the position of the electrode tips. Coronal sections of brain slices fixed with formaldehyde (4%) were stained with neutral red.
Analysis procedures
Stable REM sleep periods, which are recognized by the presence of a tonic theta rhythm in the occipital cortex and complete muscle atonia with phasic twitches, were carefully selected in each 10-s epoch. We analyzed data obtained during REM sleep that lasted for at least two epochs, i.e., 20 s. Our data contain 62,950 s of REM sleep recorded from 12 rats.
Cooperative properties of hippocampal and amygdala theta waves with P waves were studied using the following analyses. The data were divided into 1-s segments. For each segment, the number of P waves was counted. A P wave was detected as a spike-like event whose peak amplitude was over the threshold set for each rat (from 60 to 130 mV) in the filtered pontine field potentials [finite impulse response (FIR) filter passing the frequency range between 5 and 30 Hz]. A segment without P waves is referred to as P I , a segment with one or two P waves is referred to as P II , and a segment with at least three P waves is referred to as P III . P III is equivalent to phasic REM sleep. P I and P II occur in tonic REM sleep without and with P waves, respectively. Power spectral densities (PSDs) of hippocampal and amygdala field potentials were estimated by fast Fourier transform with a Hamming window for each 1-s segment. The peak frequency for each segment was the frequency whose spectral power was highest in the theta range (5-12 Hz). A wider theta band than usual was selected because the theta frequency in REM sleep often reaches 12 Hz (Karashima et al. 2004 ). The spectral power in the theta range (5-12 Hz), called "theta power," was estimated from the PSD. In addition, a cross-correlation function between hippocampal and amygdala field potentials was calculated for each segment. The maximal cross-correlation coefficient was identified for each cross-correlation function.
During REM sleep, hippocampal, and amygdala field potentials show theta and irregular waves, as shown in Fig. 1A . To quantitatively distinguish between theta and irregular waves, the "theta wave" was identified with the following steps: 1) orthogonal components of the filtered hippocampal and amygdala field potentials (5-12 Hz) were calculated using the Hilbert transform; 2) "theta amplitude" was estimated by the absolute norms comprised of the filtered field potentials and the orthogonal signals; and 3) existence of theta waves in the hippocampus and amygdala was detected when the theta amplitude was above the threshold set for each field potential. The state of each segment was denoted by the regional indices "H" for the hippocampus and "A" for the amygdala, together with the suffixes "T" and "I," representing segments with theta and irregular waves, respectively. Thus the state is represented by a combination of the regional state of the segments, i.e., H T A T , H T A I , H I A T , and H I A I .
To quantify the dependencies of the "peak frequency," "theta power," "maximal correlation coefficient," "theta amplitude," and "theta percentage" on P wave density, statistical means of these measures for the segments of the same rank of P wave density were estimated. The significance of differences was determined with a paired t-test with Bonferroni correction after one-way ANOVA (3 comparisons in 3 ranks of P wave density). Values of P Ͻ 0.016 for the paired t-test with the Bonferroni correction test and P Ͻ 0.05 for ANOVA were regarded as statistically significant.
Peak frequencies and maximal correlation coefficients were compared before and after introducing electrical lesions to the pontine subcoeruleus region. The significance of differences was determined with a paired t-test. Values of P Ͻ 0.05 were regarded as statistically significant.
R E S U L T S
Hippocampal and amygdala theta waves
The electrodes for hippocampal and amygdala field potentials were located in the hippocampal CA1 region and the lateral or basolateral amygdala, respectively (Fig. 2, A and B) . A typical polygraph observed during REM sleep is shown in Fig. 1A , where oscillations of approximately 7 Hz were clearly seen. Such hippocampal and amygdala theta waves were observed in all 12 rats. Representative PSDs of hippocampal and amygdala field potentials are shown in Fig. 1B, indicating that theta power was prominent during REM sleep, especially in the hippocampus. The mean frequencies of hippocampal and amygdala theta waves were 7.1 Ϯ 0.1 and 6.8 Ϯ 0.1 (SE) Hz (n ϭ 12), respectively. Figure 1C shows cross-correlation functions between the hippocampal and amygdala field potentials. The left panel clearly shows synchronization between hippocampal and amygdala field potentials, which are nearly in-phase. Crosscorrelation functions between the field potentials of theta band, 5-12 Hz, and those of the other frequency band are shown in the right panel, and indicate that synchronization in the theta frequency band is more distinct than in the other frequency band. Synchronization in the theta band dominated that in the other frequency band in all 12 rats. 
Dynamics of hippocampal and amygdala theta waves and P wave density
P waves can be recorded in the pontine subcoeruleus region (Fig. 2C) , which is believed to be a P wave generator (Datta et al. 1998 ). The mean P wave density was 1.3 Ϯ 0.2 spikes/s, and the percentages of segment lengths ranked by P I , P II , and P III with respect to total REM sleep time were 48.9 Ϯ 3.3, 35.7 Ϯ 1.8, and 15.4 Ϯ 2.9%, respectively.
The dynamics of hippocampal and amygdala field potentials as a function of P wave density were characterized in terms of PSD. Each PSD was averaged over segments with the same rank of P wave density. The PSDs show that the peak frequency of theta waves increased in association with the rank of P wave density. The peak frequencies of hippocampal theta waves were 6.9 Ϯ 0.1 Hz for P I , 7.2 Ϯ 0.1 Hz for P II , and 7.5 Ϯ 0.1 for P III , and those of the amygdala theta waves were 6.7 Ϯ 0.1 Hz for P I , 6.9 Ϯ 0.1 Hz for P II , and 7.1 Ϯ 0.1 Hz for P III . The peak theta frequency as a function of the rank of P wave density in each rat is shown in Fig. 3B . These data show that the peak frequencies in both regions increased in association with P wave densities in all 12 rats. The significance of the difference was confirmed by ANOVA (for hippocampal theta waves, F ϭ 41.9, df ϭ 2, P ϭ 3.2 ϫ 10 Ϫ8 ; for amygdala theta waves, F ϭ 20.7, df ϭ 2, P ϭ 8.8 ϫ 10 Ϫ6 ). The post hoc t-test with Bonferroni correction indicated that all three groups differed significantly from each other (for hippocampal theta waves, P I vs. P II , t ϭ 5.8, df ϭ 11, P ϭ 1.2 ϫ 10 Ϫ4 ; P I vs. P III , t ϭ 6.8, df ϭ 11, P ϭ 3.1 ϫ 10 Ϫ5 ; P II vs. P III , t ϭ 6.3, df ϭ 11, P ϭ 5.8 ϫ 10 Ϫ5 ; for amygdala theta waves, P I vs. P II , t ϭ 4.2, df ϭ 11, P ϭ 0.0016; P I vs. P III , t ϭ 4.8, df ϭ 11, P ϭ 5.5 ϫ 10 Ϫ4 ; P II vs. P III , t ϭ 4.04, df ϭ 11, P ϭ 0.0020). Figure 3C shows the spectral powers of theta waves as a function of P wave density. The theta powers were normalized to those for P I to cancel out differences among animals. Normalized theta powers in the hippocampal theta wave were 1.00 for P I , 1.05 Ϯ 0.01 for P II , and 1.10 Ϯ 0.02 for P III , and those of amygdala theta waves were 1.00 for P I , 1.00 Ϯ 0.01 for P II , and 1.02 Ϯ 0.02 for P III . These data indicate that the spectral power of hippocampal theta waves showed a significant dependency on P wave density (ANOVA, F ϭ 30.1, df ϭ 2, P ϭ 5.1 ϫ 10
Ϫ7
), but the spectral power of amygdala theta waves did not (ANOVA, F ϭ 2.0, df ϭ 2, P ϭ 0.16). All three groups differed significantly from each other in the power of hippocampal theta waves; this was confirmed by the paired t-test with Bonferroni correction (P I vs. P II , t ϭ 4.5, df ϭ 11, P ϭ 8.6 ϫ 10 Ϫ4 ; P I vs. P III , t ϭ 6.0, df ϭ 11, P ϭ 9.2 ϫ 10 Ϫ5 ; P II vs. P III , t ϭ 5.0, df ϭ 11, P ϭ 3.9 ϫ 10 Ϫ4 ).
Enhancement of synchronization between hippocampal and amygdala theta waves associated with P wave density
We studied how synchronization between hippocampal and amygdala theta waves depends on P wave density. Figure 4A shows cross-correlation functions between hippocampal and 3. Dynamics of hippocampal and amygdala theta waves and P wave density. A: averaged power spectral densities of hippocampal (HPC) and amygdala (AMG) field potentials over segments with the same P wave density rank (RAT 4). B: dependencies of peak frequency of hippocampal and amygdala theta wave on P wave densities in each rat (n ϭ 12). C: dependencies of theta power on P wave densities in each rat (n ϭ 12). *Statistically significant difference (paired t-test with Bonferroni correction, 3 comparisons in 3 groups, P Ͻ 0.017). amygdala field potentials (band pass: 5-12 Hz). Each crosscorrelation function was obtained by averaging over segments with the same rank of P wave density. Synchronization between regional theta waves was enhanced in association with P wave density and was confirmed quantitatively by the maximum cross-correlation coefficient (Fig. 4B) . The means of the maximum cross-correlation coefficient were 0.53 Ϯ 0.02 for P I , 0.56 Ϯ 0.02 for P II , and 0.58 Ϯ 0.02 for P III . This enhancement of synchronization between the regional theta waves was observed in all 12 rats. These significant differences associated with the rank of P wave density were confirmed by ANOVA (F ϭ 202.0, df ϭ 2, P ϭ 7.9 ϫ 10
Ϫ10
) and the paired t-test with Bonferroni correction (P I vs. P II , t ϭ 6.6, df ϭ 11, P ϭ 3.8 ϫ 10
Ϫ5
, P I vs. P III , t ϭ 8.9, df ϭ 11, P ϭ 2.3 ϫ 10 Ϫ6 ; P II vs. P III , t ϭ 6.7, df ϭ 11, P ϭ 3.3 ϫ 10 Ϫ5 ).
Coincidence of theta activities in the hippocampus and amygdala and its dependency on P wave density
We studied the relationship between mean amplitudes of hippocampal and amygdala field potentials and P wave density. The amplitudes of field potentials were normalized to those for P I to cancel out differences among animals. Normalized amplitudes of hippocampal field potentials in the theta frequency band were 1.00 for P I , 1.07 Ϯ 0.02 for P II , and 1.15 Ϯ 0.03 for P III , and those of amygdala field potentials were 1.00 for P I , 1.02 Ϯ 0.01 for P II , and 1.05 Ϯ 0.02 for P III . Amplitudes of hippocampal and amygdala theta waves showed significant dependency on P wave density (ANOVA, for hippocampus, F ϭ 21.7, df ϭ 2, P ϭ 6.3 ϫ 10 Ϫ6 ; for amygdala, F ϭ 6.7, df ϭ 2, P ϭ 0.0050). On the other hand, normalized amplitudes of hippocampal field potentials in the other frequency band were 1.00 for P I , 0.96 Ϯ 0.02 for P II , and 0.95 Ϯ 0.04 for P III , and those of amygdala field potentials were 1.00 for P I , 0.99 Ϯ 0.01 for P II , and 1.00 Ϯ 0.03 for P III . Amplitudes of hippocampal and amygdala field potentials in the other frequency band did not show significant dependency on P wave density (ANOVA, for hippocampus, F ϭ 1.3, df ϭ 2, P ϭ 0.296; for amygdala, F ϭ 0.3, df ϭ 2, P ϭ 0.75). These results indicate that a close relationship between amplitudes of hippocampal and amygdala field potentials and P wave density was distributed at theta frequency range.
Hippocampal and amygdala theta waves appeared in a waxing-waning manner, as shown in Figs. 1A and 5A. We studied the presence and absence of regional coincidence of the status of high-amplitude theta waves with regard to the rank of P wave density. Figure 5B shows that the coincidence (H T A T ) increased in association with the rank of P wave density (38.8 Ϯ 2.9% for P I , 42.0 Ϯ 2.7% for P II , and 45.9 Ϯ 2.6% for P III ), but H I A I and H I A T decreased (H I A I , 13.6 Ϯ 1.4% for P I , 10.6 Ϯ 1.0% for P II , and 7.8 Ϯ 0.8% for P III ; H I A T , 9.7 Ϯ 1.0% relationships between percentage of theta/irregular activity in the hippocampus and amygdala and P wave density in each rat (n ϭ 12). *Statistically significant difference (P Ͻ 0.017, paired t-test with Bonferroni correction).
for P I , 7.9 Ϯ 0.9% for P II , and 6.5 Ϯ 0.8% for P III ). The differences were confirmed by ANOVA (H T A T , F ϭ 48.5, df ϭ 2, P ϭ 8.6 ϫ 10 Ϫ9 ; H I A I , F ϭ 20.0, df ϭ 2, P ϭ 1.1 ϫ 10
Ϫ5
; H I A T , F ϭ 15.2, df ϭ 2, P ϭ 7.3 ϫ 10 Ϫ5 ). Post hoc paired t-test using the Bonferroni multiple comparison test showed significant increases for H T A T (P I vs. P II , t ϭ 5.94, df ϭ 11, P ϭ 9.7 ϫ 10 Ϫ5 ; P I vs. P III , t ϭ 8.01, df ϭ 11, P ϭ 6.5 ϫ 10 -6
; P II vs. P III , t ϭ 5.68, df ϭ 11, P ϭ 1.4 ϫ 10 Ϫ4 ); and decrease for H I A I (P I vs. P II , t ϭ 3.59, df ϭ 11, P ϭ 0.0042; P I vs. P III , t ϭ 5.20, df ϭ 11, P ϭ 3.1 ϫ 10 Ϫ4 ; P II vs. P III , t ϭ 5.48, df ϭ 11, P ϭ 1.9 ϫ 10 Ϫ4 ) and H I A T (P I vs. P II , t ϭ 4.44, df ϭ 11, P ϭ 0.0010; P I vs. P III , t ϭ 4.43, df ϭ 11, P ϭ 0.0010; P II vs. P III , t ϭ 3.19, df ϭ 11, P ϭ 0.0086). In contrast, the percentage of H T A I did not show significant dependency on the rank of P wave density (F ϭ 1.44, df ϭ 2, P ϭ 0.26).
Dynamic alteration of hippocampal and amygdala theta waves caused by lesion of the pontine subcoeruleus region
DC current was passed for 240 s through the P wave recording electrode in seven rats (RATS 6 -12). As shown in Fig. 6A , the P wave completely disappeared after current was applied. This observation suggests that the P wave generator, which is believed to be located in the pontine subcoeruleus region, was completely lesioned. In addition, histological examination confirmed that the current application sites in all seven rats were within the P wave generator zone (Fig. 1C) . Figure 6B shows representative PSDs of hippocampal and amygdala field potentials. Figure 6C shows that the peak frequency of hippocampal theta waves decreased significantly (7.3 Ϯ 0.1 Hz for the control and 7.1 Ϯ 0.1 Hz for the lesion; paired t-test, t ϭ 2.8, df ϭ 6, P ϭ 0.033). These data also indicate that the lesion decreased the frequency of amygdala theta waves (7.0 Ϯ 0.1 Hz for the control and 6.8 Ϯ 0.1 Hz for the lesion, t ϭ 3.0, df ϭ 6, P ϭ 0.024). The spectral powers of the hippocampal and amygdala theta waves were not significantly altered before and after the lesion (data not shown).
Cross-correlation functions of the filtered field potentials (band pass, 5-12 Hz) show that synchronization between the hippocampal and amygdala theta waves was degraded after the lesion (Fig. 7A) . The maximum correlation coefficient decreased after the lesion in six of seven rats (Fig. 7B) . The mean maximum correlation coefficient was 0.55 Ϯ 0.03 for the control and 0.53 Ϯ 0.02 for the lesion, and the difference between the maximum coefficient before and after the lesion was statistically significant (paired t-test, t ϭ 2.5, df ϭ 6, P ϭ 0.045).
D I S C U S S I O N
In this study, we recorded hippocampal and amygdala field potentials during REM sleep in rats. Theta waves were observed not only in the hippocampal CA1 region but also in the Effects of a lesion of the P wave generator on synchronization between hippocampal and amygdala theta waves. A: averaged cross-correlations between filtered hippocampal and amygdala field potentials before (dotted line) and after (solid line) the lesion (RAT 6). B: maximal coefficient of cross-correlation before (C) and after (L) the lesion in each rat (n ϭ 7). *Statistically significant difference between maximal coefficient before and after the lesion (P Ͻ 0.05, paired t-test). 6. Effect of a lesion of the P wave generator on hippocampal and amygdala theta waves. A: pontine field potentials before (top) and after (bottom) lesion of the subcoeruleus region from the same rat (RAT 6). B: power spectrums of hippocampal (HPC) and amygdala (AMG) field potentials before (dotted line) and after (solid line) the lesion. C: peak frequency of hippocampal (HPC) and amygdala (AMG) theta waves before (C, control) and after (L, lesion) the lesion is shown for each rat (n ϭ 7). *Statistically significant difference (P Ͻ 0.05, paired t-test).
basolateral and lateral amygdala during REM sleep in rats, which are consistent with previous reports (Hegde et al. 2008; Paré and Gaudreau 1996) . Although the regional theta waves had slightly different dynamics from their other characteristics, the cross-correlation function between the hippocampal and amygdala field potentials showed that the two regional potentials were synchronized and in-phase in the theta frequency range, which are consistent with previous results in rats and cats (Hegde et al. 2008; Paré and Gaudreau 1996) . The characteristics of theta synchronization during REM sleep were similar to those during wakefulness, as previously shown by Seidenbecher et al. (2003) .
Together with hippocampal and amygdala field potentials, we recorded the phasic potentials known as P waves in the pontine subcoeruleus region during REM sleep in rats. The frequency of hippocampal theta waves increased in association with P wave density, as shown in our previous study (Karashima et al. 2004 ). The frequency of amygdala theta waves also increased in association with P wave density. This acceleration of theta waves associated with P wave density was studied further by lesioning the pontine subcoeruleus region, the site of P wave generation. The deceleration of theta waves caused by the lesion suggested the involvement of P wave activity in the generation of theta waves. Regarding theta power, we found augmentation of hippocampal theta waves in association with P wave density, but the association was not clear for the amygdala. Thus the influence of the lesion of the pontine subcoeruleus region on theta power in the amygdala was not significant. As described in RESULTS, theta waves appeared in a waxing-waning form, and this feature was more pronounced in the amygdala. Therefore a simple Fourier transform may not be able to detect influences on theta power that may be caused by the lesion. Further study is necessary to examine the relationship between theta power and P wave activity.
We confirmed the synchronization between the hippocampal and amygdala theta waves during REM sleep in terms of the cross-correlation function. In addition, we found that synchronization was enhanced in association with P wave density. Because the lesion of the pontine subcoeruleus region degraded synchronization, P wave activity may be involved in this cooperative phenomenon. We believe that there are potential mechanisms that underlie this degradation, such as weakened rhythmicity of theta waves and instability of the phase relationship and frequency. Although it is difficult to distinguish between these mechanisms and to identify which one is plausible, the increased frequency of noncoincidence between the regional theta waves may be involved in the degradation. Based on these results, we hypothesize that P wave activity enhances synchronization between regional theta waves by facilitating their coincidence. Because we could not exclude the possibility that electrolytic lesions damage cells as well as passing fibers, analyses from multiple points of view are needed to confirm the findings of the lesion.
The fact that noncoincidence of regional theta waves such as H T A I and H I A T was frequently observed shows another aspect of the mechanism underlying the simultaneous observation of theta waves in the hippocampus and amygdala: that their simultaneous observation and mutual synchronization cannot be attributed simply to electrotonic spread of regional potentials.
Because there are direct and/or indirect projections from the P wave generator in the pontine subcoeruleus region to many brain areas including the hippocampus and amygdala (Bland and Oddie 1998; Datta et al. 1998 Datta et al. , 1999 Hallanger and Wainer 1988; Usunoff et al. 2006) , the P wave generator in rats and the PGO wave generator in cats are believed to activate the hippocampus and amygdala (Calvo and Fernández-Guardiola 1984; Datta et al. 2008) . Recent findings showed that hippocampal and amygdala theta waves are induced by glutamatergic stimulation in the septum/hippocampus and amygdala, respectively (Bland et al. 2007; Goutagny et al. 2008; JafariSabet 2006; Sinfield and Collins 2006) . These findings suggest that the P wave generator modulates neuronal excitability in the hippocampus and amygdala.
The amygdala theta wave during wakefulness is known to be an episodic phenomenon, which suggests certain biological functions. Seidenbecher et al. (2003) found that the amygdala theta wave is associated with anticipation of a noxious stimulus during wakefulness. During REM sleep, the amygdala theta wave shares an intermittent appearance with that during wakefulness. If neural activities during wakefulness are reproduced during REM sleep, similar features may imply that the amygdala theta wave during REM sleep is related to the process of memorizing unpleasant events, in view of the hypothesized functions of the amygdala (Narayanan et al. 2007 ). Long-term potentiation (LTP) of synaptic transmission in the hippocampus is weakened by selective REM sleep deprivation (Ravassard et al. 2009 ). The immediate early gene (e.g., zif-268 and Egr-1) leading to the formation of LTP is highly expressed in the hippocampus and amygdala during REM sleep just after a learning task (Datta et al. 2008; Ribeiro et al. 1999) . These results support the hypothesis that REM sleep serves to consolidate memories acquired during wakefulness (Hellman and Abel 2003; Hori et al. 2008; Stickgold and Walker 2007; Walker and Stickgold 2004) . The function of synchronization of hippocampal-amygdala theta waves is not yet clear, but the rhythmic theta activity is considered to be important for synaptic plasticity in the hippocampus and amygdala. Thetafrequency stimulation facilitates synaptic plasticity, such as LTP in the hippocampal CA1 region (Larson and Lynch 1986; Staubli and Lynch 1987) and long-term depression or potentiation in the amygdala (Heinbockel and Pape 2000; Pollandt et al. 2003) . Recently, Datta and collaborators studied the function of the P wave and found that 1) P waves increase during REM sleep after avoidance learning (Datta 2000) ; 2) activation/lesion of the P wave generator enhances/inhibits memory consolidation (Datta et al. 2008; Mavanji et al. 2004) ; and 3) stimulation of the P wave generator increases synaptic plasticity-related gene expression in the dorsal hippocampus and amygdala (Datta et al. 2008) . These findings suggest that the time relation between theta wave dynamics and P wave density contributes to memory and learning functions during REM sleep.
